With the aim of establishing adequate time intervals for maintenance of offshore structures, an approach based on multiobjective optimization for making decisions is proposed. The formulation takes into account the degradation of the mechanical properties of the structures and its influence over time on both the structural capacity and the structural demand, given a maximum wave height. The set of time intervals for maintenance corresponds to a balance between three objectives: (a) structural reliability, (b) damage index, and (c) expected cumulative total cost. Structural reliability is expressed in terms of confidence factors as functions of time by means of closed-form mathematical expressions which consider structural deterioration. The multiobjective optimization is solved using an evolutionary genetic algorithm. The approach is applied to an offshore platform located at Campeche Bay in the Gulf of Mexico. The optimization criterion includes the reconstruction of the platform. Results indicate that if the first maintenance action is made in 5 years after installing the structure, the second repair action should be made in the following 7 to 10 years; however, if the first maintenance action is made in 6 years after installing the structure, then the second should be made in the following 5 to 8 years.
Introduction
Structures are continually exposed to different environmental loads that modify both their mechanical properties and their structural performance over time. Due to these modifications, it is useful to formulate maintenance plans for the structural systems. Several approaches of maintenance plans have been proposed in the literature considering different numbers of optimization objectives: that is, (a) minimizing the expected cumulative maintenance cost over a time interval (as a single objective) [1] , (b) minimizing maintenance cost and maximizing load-carrying capacity and durability (as two independent objectives) [2] , and (c) more powerful approaches that optimize several objectives simultaneously [3] [4] [5] [6] .
In this paper a multiobjective optimization approach is proposed. Such approach considers a balance among the following objectives: (1) reliability, expressed in terms of the confidence factor that takes into account the structural deterioration over time by means of closed-form mathematical expressions, (2) damage index, expressed in terms of the ratio between the structural capacity and the structural demand, and (3) expected cumulative total cost, which considers costs of inspection, repair, and failure. The optimization problem is solved by means of the elitist Nondominated Sorting Genetic Algorithm (NSGA II) [7] which gives place to a set of nondominated solutions that are used to recommend time intervals for making decisions for maintenance of an offshore structure.
For the particular case of offshore structures, the structural deterioration phenomenon is mainly due to fatigue caused by waves acting continuously on the steel elements. The decrease of the resistance of the structural capacity over a time interval is caused by the cracking of the tubular joints. The inspection of an offshore structural system has two objectives: (a) to detect both the presence and the size increase of cracks and (b) to perform the necessary maintenance actions to the structure accordingly. Many authors have proposed inspection and maintenance plans for offshore structures using different approaches such as the following: (a) the analysis of risk and reliability of welded connections subject to fatigue [8] [9] [10] ; (b) the use of methodologies that 2 Mathematical Problems in Engineering take into account a fatigue sensitivity analysis in steel joints [11] ; (c) the application of probabilistic detection methods in order to study the influence of repetitive inspection for fatigue in joints [12] ; (d) the implementation of simplified approaches and the use of practical design parameters such as fatigue design factors [13] and/or reserve strength ratios [14] ; (e) the consideration of damage caused by fatigue, buckling, and dents on structural elements [15] , and (f) the use of Bayesian techniques [16] .
However, neither a multiobjective criterion for making decisions of maintenance actions on "jacket" marine platforms, nor simplified closed-form mathematical expressions for taking into account the structural deterioration of both structural capacity and structural demand over a time interval are considered in the studies mentioned above, as it is done in the present study. The advantage of using closedform mathematical expressions is the possibility of evaluating the structural reliability without having to perform numerical integrations.
Basic Definitions of Structural Reliability,
Damage Index, and Expected Cumulative Total Cost
Structural Reliability.
The structural reliability can be expressed by means of different indicators, such as probability of failure in a time interval, expected number of failures per unit time, confidence factors, and confidence levelss. In this paper, the confidence factor, conf , is used as a measure of the reliability implicit in the structure. The confidence factor was originally introduced in order to evaluate the reliability of steel building structures [17] [18] [19] [20] . Later, the original methodology was extended to the case in which the mechanical properties of the structural elements present degradation (i.e., due to corrosion, fatigue, etc.), and as a consequence, either the structural capacity or the structural demand, or even both change over time [21] [22] [23] [24] . In the present study the confidence factor is evaluated under the assumption that the structural capacity deteriorates linearly over time. For this case, the confidence factor, conf , is calculated as mentioned in Appendix A.
Damage Index.
The damage index (DI) is defined as the ratio of the structural capacity, , and the structural demand, . The damage index varies between 0 and 1, where 0 indicates that the structure does not have any damage, and 1 refers to total damage, which means that the structural system has reached its failure condition.
Expected Cumulative Total Cost.
The expected cumulative total cost function is defined as the sum of the expected cost of inspection, repair, and failure, at the end of a time interval [0, Δ ), as derived in [25] and presented in Appendix B.
Basic Definitions of Genetic Algorithms
Genetic algorithms (GAs) are adaptive methods used to solve, search, and optimize problems. Based on the principle of the survival of the fittest [26] , GAs have been applied successfully in many problems and different areas (i.e., economics, medicine, engineering, etc.). GAs are commonly composed of three basic operators: (1) selection, (2) crossover, and (3) mutation. Recently, GAs have been used by civil engineers due to the ease of handling multiple goals directly and simultaneously [27, 28] . In this study, GAs are selected as a tool of optimization in order to solve a problem in which three objectives must be satisfied. Commonly, in multiobjective optimization a set of nondominated solutions is obtained, all of which form a Pareto front. The concept of dominance is as follows [29] . Assuming that all objective functions are to be maximized (see Figure 1) , it is said that the solution is dominated by solution if conditions 1 and 2 are true.
(1) Solution is not worse than considering all the objectives. (2) Solution is strictly better than in at least one objective.
In order to find a Pareto front that helps the decisions makers to formulate plans of maintenance of offshore structures which present structural degradation over a time interval, the elitist NSGA II method [7] was used in the present study. The approach consists of the following steps:
(1) Randomly create an initial population of size , where = generation index ( = 0, 1, 2, . . . , Binary Tournament Selection. individuals (commonly 2) are selected randomly from the size population. The selected individuals compete against each other. The individual with the highest fitness win, and it will be included for crossover and mutation [30] .
Intermediate Crossover. It is the process of creating offsprings by a weighted average of the parents, and it is controlled by the following ratio [31, 32] :
The value of "ratio" is commonly assumed equal to 1.2 [32] .
Gaussian Mutation. It consists in adding a random number taken from a Gaussian distribution with mean 0 to each entry of the parent vector. The standard deviation ( ) is determined by the parameters "scale" and "shrink, " as follows:
where the "scale" parameter determines the standard deviation at the first generation; the "shrink" parameter controls how the standard deviation shrinks as generations go by; is the current generation, and represents the number of total generations under consideration. The values of "scale" and "shrink" are commonly assumed equal to 1.0 [32] .
Fast Nondominated Sort. A "naive and slow" procedure [29] is applied in order to sort a population into different nondomination levels. In this procedure each solution is compared with every other solution in order to find out if it is dominated by any other solution in the population. When the comparisons of each solution are completed, all individuals in the first nondominated front are found. All individuals obtained in the first nondominated front are set apart temporarily in order to find the second nondominated front, and the procedure is repeated. The third nondominated front is obtained by setting apart temporarily all the individuals in the first and second front, and the procedure mentioned above is repeated. In summary, different fronts = ( 1 , 2 , . . . , ) are obtained in this approach, where 1 is the best nondominated set, 2 is the next best nondominated set, and so on. In case of 1 < , all members of the set 1 are chosen to create the new population +1 ; the remaining members are chosen from the subsequent nondominated sets in the order of their ranking ( 2 , 3 , . . . , ). If 1 > , the members are chosen using a crowded-comparison operator [29] , in descending order and the best solutions needed to fill the population slots are selected.
General Approach of the Multiobjective Optimization for Structural Maintenance
The multiobjective optimization criterion for maintenance of offshore structures formulated in the present study considers three objectives: confidence factor ( conf ), damage index (DI), and expected cumulative total cost (E[CTC]). The first two objectives are subjected to the following constraints:
(i) the confidence factor is subject to conf ≥ 1, (ii) the damage index is subject to DI ≤ 0 .
That is, the structural reliability expressed in terms of the confidence factor, conf , must be greater than unity [18] (values less than 1 consider that the structure is in the unsafe side). The damage index (DI) should be smaller or equal to a given threshold ( 0 ) which is related to a permissible level of structural damage.
The procedure to obtain the set of nondominated solutions is divided here in two general steps: (a) the simulation of values of the three objectives ( conf , DI, and E[CTC]) over a time interval, as indicated in the flowchart of Figure 2 , and (b) the codification of the simulations, to perform the multiobjective optimization by means of NSGA II.
The simulation profiles are codified in order to perform the multiobjective optimization by using the GA mentioned in the previous section. Then, the optimization problem is solved as follows:
(1) maximize the minimum confidence factor; (2) minimize the maximum damage index; (3) minimize the expected cumulative total cost.
As a result, a set of nondominated solutions is found for making decisions and for establishing different time interval for maintenance. In this study, the criterion for selecting the maintenance time interval is based on a threshold value of the confidence factor. When the confidence factor takes values between a certain range of values of the nondominated solutions, maintenance actions should be performed. The range of values conf to select the repairing time interval is as illustrated in Figure 3 , where the nondominated solutions in the bracket are those selected for repairing actions.
Here it is assumed that after several nondominated solutions are selected for maintenance actions, the critical structural elements are repaired to recover their initial capacities, and a new set of nondominated solutions can be obtained after reconstruction. Then, a second set of nondominated solutions is obtained following the flowchart shown in Figure 2 (as done previously); however, an initial cumulative damage (ICD) is now taken into account for the second set of critical structural elements to be analyzed. It is noticed that in the example presented in Section 5 the second set of critical structural elements is different from the first set analyzed in the first step. For illustrative purposes, 
Illustrative Example
The multiobjective approach proposed above is applied to an offshore "jacket" platform with the aim of finding its first and its second time interval for maintenance. The platform is supposed to be located in Campeche Bay. The structure is 48 m high and the water depth at the site is 45.11 m (see Figure 5 ). The expected weight of the deck was assumed equal to 500 ton. The "jacket" platform is represented by a simplified 2D model with mean mechanical properties. The joints were selected according to their global structural capacity contribution. Joints 1, 2, 3, 4, and 6 were selected for finding the first time interval for maintenance, whereas joints 5, 7, 8, and 9 were selected for finding the second time interval (once the joints 1, 2, 3, 4, and 6 were totally reconstructed).
Evaluation of Structural Capacity over Different Time
Intervals. The lateral resistance of the structure was obtained by means of nonlinear static analyses using twenty different simulated profiles of lateral loads. These profiles are related to the acting forces corresponding to the simulated waves that produced the maximum base shear on the structure. The appearance and growth of cracks, which give place to a reduction of the structural capacity, are considered as damage condition. Two crack points were considered for each structural element connected to the joints. The average crack size simulation process of the selected points subject to random load was performed using the Monte Carlo technique. Operational and storm waves were considered. The arrival times between storms were assumed with exponential distribution. The storm wave heights follow a Gumbel distribution. The statistical parameters used for simulation of the crack size were taken from Silva and Heredia [33] . The crack size was obtained using the modified differential equation by Paris and Ergodan [34] and Sobczyk and Spencer [35] . In the differential equation, the random load was replaced by an equivalent cyclic load whose amplitude and frequency were expressed in terms of the mean properties of the random process. After obtaining the time history of the crack size, the capacity of the joint was reduced by a linear correction factor as follows [36, 37] :
where is the capacity of the cracked joint; is the capacity of the intact joint which can be calculated by means of the API recommendations [38] ; joint and crack are the areas of the transverse section and of the crack, respectively, corresponding to all the elements connected to the joint. As an example, percentages of simulated cracked areas at the end of different time intervals, corresponding to joint 2, are shown in Figure 6 . The median of structural capacity,̂, represented in terms of the global displacement (in meters, m) of the platform, and the standard deviation of its natural logarithm, ln |Δ are shown in Table 1 for different time intervals (Δ = 0, 1, 2, . . . , 15 years). It is assumed that both the structural capacity and the structural demand follow a lognormal distribution in any time [17] [18] [19] [20] [21] .
Evaluation of the Structural Demand over Different Time
Intervals. The structural demand (given a maximum wave height) at the end of a time interval was obtained by means of dynamic "step by step" analysis, using simulated time histories of waves that correspond to different maximum wave heights. The crack growth simulations and the capacity reductions at selected joints considered to evaluate the capacitŷover time (Section 5.1) were also used in this section as damage condition. Figures 7(a) and 7(b) show the median structural demand as a function of the platform global displacement, and the corresponding standard deviation of the natural logarithm of the demand, for different intervals Δ , respectively. The expression that fits the median values of the structural demand,̂, given a maximum wave height, ℎ max , at the end of different time intervals Δ , is given bŷ (Δ ) = ( + ⋅ Δ ) ⋅ ℎ max (a similar expression was proposed by Tolentino et al. [24] ). According to the above, the median structural demand, given a maximum wave height, is equal tô 
Damage Index.
In this study the damage index is defined as follows:
where 0 is the maximum global displacement of the structure without damage, (Δ ) represents the maximum global displacements that consider structural deterioration at instant Δ , and (Δ ) is the ultimate global displacement demanded by the structure at instant Δ .
Confidence Factor and Expected Cumulative Total Cost.
The confidence factor values, conf (0, Δ ), were calculated using (A.1). The parameters and were fitted according to (A.4), based on the median values of the structural capacity, , shown in Table 1 . The epistemic uncertainties associated with the structural demand, , and with the structural capacity, , were assumed equal to 0.15. The parameters and fitted to the wave hazard curve were equal to = 5.0 03 and = 5, which correspond to a maximum wave height equal to ℎ max = 23 m and to a return interval of 1485 years for the failure condition [39] .
The expected cumulative total cost was evaluated using (B.1). An annual discount rate = 6% was assumed. The inspection cost by joint was 3,518 USD [40] and the repair cost was 20,000 USD for each critical point [41] . The cost of failure includes costs due to equipment damage, pollution, deferred production, and indirect losses [25] .
Simulation of the Three
Objectives. 1024 profiles of damage index, confidence factor, and expected cumulative total cost, considering cumulative damage at the end of a time interval [0, Δ ), were simulated, following the procedure presented in Figure 2 . The simulations were based on the median values and the standard deviations of structural capacity and structural demand. Lognormal distribution functions were assumed. the Pareto front that include damage index, confidence factor, and the expected total cost over a time interval are shown in Figures Table 2 .
Multiobjective Optimization before Reconstruction (First Time Interval for Maintenance
With the aim of establishing time intervals of structural maintenance, solutions associated with values of conf ≤ 1.15 were selected for repairing actions. Then, in accordance to Table 2 , maintenance actions on joints 1, 2, 3, 4, and 6 should be performed between 5 and 6 years (corresponding to solutions A, B, and C).
Multiobjective Optimization after Reconstruction (Second Time Interval for Maintenance).
In this section it is assumed that the maintenance (repairing) actions on joints 1, 2, 3, 4, and 6 are performed in accordance with solution A, and alternatively, with solution C. It means that the first repair is done after 6 years of installing the platform (solution A), or alternatively, after 5 years if solution C is selected (see Table 2 ). Also, it is considered that after maintenance, the joints recover their full capacity. Taking this into account, the joints that should be repaired in the next maintenance plan are joints 5, 7, 8, and 9 (which were selected in accordance with their contribution to global structural capacity).
The evaluation of the structural capacity and the structural demand (given a maximum wave height) at the end of a time interval [0, Δ ), after the first maintenance action, was performed in a similar way as in Sections 5.1 and 5.2; however, it was now considered that joints 5, 7, 8, and 9 presented an initial cumulative damage (ICD). The ICD takes into account the deterioration due to fatigue that the joints suffered during the time interval between the installation of the structure and its first repair. Figure 9 shows an example of the percentages of cracked areas of joint 5 at the end of different time intervals, considering an ICD corresponding to 5 years (which is associated with solution C). It is noticed that in Figure 9 there is an initial cumulative damage (represented by joint / crack × 100) at Δ = 0 years (on the contrary, Tables 3 and 4 show the median of the structural capacity,̂, represented in terms of global displacement of the platform, corresponding to solutions A and C, respectively, for different time intervals (Δ ) after the first maintenance actions. The standard deviations of the natural logarithm of the structural capacity are also shown in Tables 3 and  4 .
The median of the structural demand (given a maximum wave height, ℎ max ) was calculated as in Section 5. codified for each case in order to realize the optimization procedure using NSGA II. A population size of 50 was considered. A set of 13 optimal solutions with 23 generations for solution A was found, and 12 optimal solutions with 25 generations for solution C were obtained. Figures 10  and 11 show the set of solutions (Pareto fronts) for cases A and C, respectively. Next, some optimal solutions are selected in order to handle different options for structural maintenance. A comparison of two sets of solutions selected is shown in Tables 5 and 6 (see Figures 10 and  11) . In a similar way to the previous section, the time intervals for the second maintenance actions are performed when the structural confidence values are lower than 1. 15 . Tables  5 and 6 show that maintenance actions could be done at time intervals between 5 and 8 years (solutions a 1 , b 1 , c 1 ,  and d 1 ) if the first maintenance actions were done after 6 years of installing the platform, or alternatively, at intervals between 7 and 10 years (solutions a 2 , b 2 , c 2 , and d 2 ) if the Table 2 ) together with projections of solutions a 1 , b 1 , c 1 , and d 1 corresponding to the three objectives (damage index, confidence factor, and expected cumulative total cost). Similarly, Figures 13(a), 13(b), and 13(c) show projections of In summary, in accordance with the criterion selected for performing maintenance actions (values of conf < 1.15), Figures 12(a) and 12(b) show that the first optimal time interval for reconstructing joints 1, 2, 3, 4, and 6 can be after 6 years of installing the offshore "jacket" platform (see Table 2 , solution A). If this solution is selected, then the second optimal time interval for repairing actions on joints 5, 7, 8, and 9 should be after 5, 6, 7, or 8 years (solutions a 1 , b 1 , c 1 , or d 1 ) of reconstructing the structure. On the other hand, if the maintenance actions for the first time are done after 5 years of installing the marine structure (solution C in Table 2 ), then the repairing actions on joints 5, 7, 8, and 9 should be performed after 7, 8, 9, or 10 years after reconstructing the structure (solutions a 2 , b 2 , c 2 , or d 2 ), as shown in Figures  13(a) and 13(b) .
Conclusions
An approach based on multiobjective optimization in order to find adequate time intervals for maintenance, by means of genetic algorithms, is applied. A set of nondominated solutions is found based on three objectives: (1) confidence factor, which is represented by closed-form mathematical expressions that take into account the structural deterioration over time, (2) damage index, expressed in terms of the ratio between the structural capacity and structural demand, and (3) expected cumulative total cost, which considers inspection, repair, and failure costs. The evolutionary Nondominated Sorting Genetic Algorithm NSGA II was selected as a tool to solve the optimization problem. Different sets of nondominated solutions were found in order to recommend different time intervals for maintenance actions of a fixed steel "jacket" platform subjected to structural deterioration over time. The implemented GA is very efficient since it only requires a few seconds to find a set of nondominated solutions based on different objectives; it also requires less than 30 generations in order to obtain the Pareto front.
The results show that, for the offshore "jacket" platform analyzed, it is recommended to make the maintenance actions on the first set of selected joints, between 5 and 6 years after installing the platform. In the case of performing the first maintenance action after 5 years, the second time interval for repairing the second set of joints is recommended to be done between 7 and 10 years. On the other hand, if the first maintenance actions are performed after 6 years of installing the platform, the second time interval for maintenance actions should be between 5 and 8 years.
The multiobjective optimization approach presented, together with the closed-form mathematical expression used, constitutes an efficient tool for making maintenance plans for offshore structures; moreover, it can be adapted to consider different kinds of structures (buildings, transmission towers, bridges, etc.). The criterion can be extended to take into account different types of maintenance actions in order to keep the structural system within prescribed performance levels.
A limitation of the approach presented here is that it is adequate only for making decisions about structural maintenance actions for systems subjected to ordinary excitations; it does not apply to the identification of repair actions that should be taken after the occurrence of extraordinarylinebreak environmental events, for example, after the action of hurricanes with a return period much longer than that considered here (see Section 5.4).
Appendices

A. Confidence Factor That Takes into Account the Structural Deterioration
The confidence factor over the time interval [0, Δ ) can be expressed as follows [21, 24] : where and are the capacity reduction factor and the demand amplification factor at instant Δ , respectively; 2 ln |ℎ max ,Δ and 2 ln |Δ are the variances of the natural logarithm of the demand, , given a maximum wave height, ℎ max , and of the structural capacity, , respectively; 2 |Δ and 2 ln |Δ represent the epistemic uncertainties associated with the structural demand and the structural capacity respectively;̂is the median of the structural capacity at the limit state of interest, which vary linearly in the interval [0, Δ );̂] 0 is the median of the structural demand caused by environmental loads related to the tolerable annual exceedance rate ] 0 , at time Δ ; Ω(0, Δ ) represents the correction function of the expected number of failures which considers the variation in the interval [0, Δ ) of the structural demand (given a maximum wave height) and the structural capacity simultaneously.
Hypergeometric functions implicit in (A.6) can be solved using a simpler method by means of the following hypergeometric series [42, 43] where , , and represent real numbers, and must be an integer. The value will depend on the problem; for example, for the case analyzed in this study, the hypergeometric series is developed up to = 5, in order to obtain a good approximation.
B. Expected Cumulative Total Cost
The expected cumulative total cost function is defined as the summation of the total expected cost of inspection, repair, and failure at the end of a time interval [0, Δ ) as follows [25] : where |Δ , |Δ , and |Δ are the expected cost of inspection, repair, and failure, respectively; is the discount rate;
is the expected number of failures at the end of a time interval considering the variation of the structural capacity and structural demand over time [0, Δ ) [24] ; is the number of elements to be repaired; ( (Δ ) ≥ ) is the conditional probability that element with certain level of cumulative damage , at time Δ , is higher or equal to an established damage level ;̂is the number of time intervals of interest;
( − −1 ) is the expected number of failures for the time intervals of interest, and 1 , 2 , . . . , = 1, 2, . . . ,̂years. Equation (B.1) implies that the structure survives up to the end of the time interval of interest.
